Many areas of the northern United States and southern Canada, and particularly the 4 million ha of unirrigated cropland of the Northwestern Wheat and Range Region in the United States, experience severe water erosion under thawing soil conditions. Modeling soil erosion in these areas is hampered by a lack of knowledge of the relation of soil properties and moisture conditions to hydraulic resistance of thawing soils. Th is study was conducted to determine hydraulic and erodibility parameters of frozen and thawed soil under controlled moisture tension. A tilting fl ume was designed and constructed to allow near-natural freezing and thawing of a soil mass and to apply shear stress from fl owing water. Flow tests were conducted for 90 min under soil moisture tensions of 50, 150, and 450 mm. A linear relationship was found between detachment and applied shear stress at a given time and moisture tension. Critical shear stress values showed little change with time. Rill erodibility decreased with increased soil moisture tension but changed more rapidly during tests at 50-and 150-mm tension. At 50-mm tension, the timeaverage erodibility, 689 g N −1 min −1 , was about the same, and the critical shear value, 1.53 N m −2 , about 60% of that found in tests of a similar Palouse silt loam soil tested under 50-mm tension without freezing. Th is study adds to the body of knowledge that indicates that the transient nature of rill erodibility during soil freezing and thawing should be considered to improve the accuracy of continuous simulation erosion models for winter conditions. Th e eff ects of frost action on soil erodibility and erosion have been recognized and studied for some time. Bryan (2000) reviewed research on soil erodibility, with an emphasis on Canadian research in relation to studies elsewhere in the world, and listed frost action as an important factor in erodibility dynamics. Citing Sillanpaa and Webber (1961) , Bisal and Nielsen (1967) , and Benoit (1973) , Bryan (2000) indicated that frost action is usually eff ective in disrupting aggregates and increasing erodibility, but the eff ect varies with soil texture, antecedent moisture, and the rate of temperature change (Mostaghimi et al., 1988 ). An increase in FT cycles is generally considered to increase erodibility, but in a laboratory experiment with simulated rainfall on artifi cially frozen soil, Edwards and Burney (1991) found that 10 d of continuous freeze resulted in higher sediment concentration than tests aft er 10 d of daily FT, primarily because daily FT resulted in cracks that increased infi ltration. Bryan (2000) indicated that rapid freezing always causes aggregate breakdown but reported that a slow temperature drop can produce ice segregation on "frost susceptible" soils and increase aggregate stability (Bryan, 1971) , and also cited Williams (1991) , who showed peak macroaggregate breakdown with four or fi ve FT cycles. Formanek et al. (1984) collected 254-mm-long, 154-mmwide, and 64-mm-deep surface soil samples from continuously tilled bare fallow. Th e samples were saturated and their strength determined with a fall cone (average of 0.9 kPa). Samples were frozen and thawed from the surface with a thermoelectric plate and the strength determined again (average of 0.4 kPa). Th e soil water tension was then increased to a value of 0.49, 1.47, or 4.41 kPa (50, 150, or 450 mm) , resulting in consolidation; the strength was determined at each tension. Th e soil water tension was then reset to 0 kPa (0 mm) at the surface, the shear strength determined, and the soil again frozen, thawed, and the strength determined. Th e procedure was repeated to provide results for each of three cycles of FT. Th ey found that 50% strength decrease occurred aft er one FT cycle and that two additional cycles caused little change. Strength was regained rapidly aft er tension was applied, increasing to values greater than at the start of the experiment.
Researchers on Prince Edward Island in Canada conducted studies directed toward fi nding solutions to winter erosion on late-harvested potato (Solanum tuberosum L.) fi elds, where soil is bare aft er harvest and subjected to winter rainfall and snowfall and an average of 40 FT cycles per year. Th ey conducted a comprehensive series of laboratory experiments on interrill and rill erosion that included testing the eff ect on runoff and soil loss of FT vs. unfrozen, continuous freeze vs. FT cycling, bare soil vs. barley (Hordeum vulgare L.) residue or a winter rye (Secale cereale L.) cover crop, three typical soil types of varying texture (fi ne sandy loam, sandy loam, and loam), the eff ect of compacted layers at the surface and at shallow depth, and the eff ect of slope steepness on rill erosion.
For the rainfall simulation study (Edwards and Burney, 1987 , 1991 , soil boxes 914 mm long, 305 mm wide, and 269 mm deep were fi lled in the fi eld, compaction treatments were applied if appropriate, and then the boxes were set in trenches that were backfi lled to the level of the soil in the box. Cover treatments were applied in mid-September and the soils were watered to maintain moisture content near fi eld capacity. Th e test boxes were left in the soil until ready for testing and then moved to the lab. Freezing treatments commenced with all soils near saturation. Th e soils were frozen in a cold room. Edwards and Burney (1987) indicated freeze at −15°C; Burney (1989, 1991) indicated freeze at −5°C. Th ere was no mention if the boxes were insulated on the sides and bottom, so it is assumed that samples were not frozen from the surface. Frozen soils were tested at 1°C and unfrozen soils at 20°C ambient temperatures, respectively. Th e rainfall simulator applied rainfall at 50 mm h −1 for 30 min (10-yr return period storm for Prince Edward Island) to four boxes at one time, set at a 5% slope. Some tests included simulated overland fl ow as well as rainfall simulation. Th e researchers reported the benefi ts of winter cover crop or incorporated barley residue surface cover in reducing erosion and the eff ects of FT cycles and continuous freeze in increasing erosion hazard.
Rill erosion studies (Frame et al., 1992; Burney and Edwards, 1993; Edwards et al., 1995) were conducted in troughs 3.66 m long, 200 mm wide, and 150 mm deep, insulated on the sides and bottom. Th e surface of the test section was formed into a V-shaped furrow (1:4.5 sideslopes) to ensure formation of a defi ned rill. An adjustable end gate was gradually lowered during the tests to ensure normal rill development. All soils were saturated via a pipe running the length of the bottom of the trough to the point of incipient ponding and drained for 2 h before the erosion tests. For the frozen troughs, saturation was done immediately before the freezing treatment. Th us, all were near saturation at initiation of the erosion tests. Th e FT treatment was applied by subjecting designated samples to −5°C for 12 h in a cold room and thawing for 12 h at 20°C for 4.5 cycles. All hydraulic tests with a FT treatment were started with the soil frozen in a temperature-controlled room at 0°C. Hydraulic tests were 20 min long at a discharge of 3 L min −1 with water at about 5°C. Th e specifi c ambient conditions for the tests with unfrozen soil were not given. Frame et al. (1992) , testing a fi ne sandy loam, found that the total soil loss in rill fl ow was nearly 10 times greater from bare soil than from soil with incorporated straw, more than two times greater on a 7% slope than on a 3.5% slope, and 24% greater on frozen soil previously subjected to FT cycles than on soils with no freezing. Burney and Edwards (1993) reported how the sediment fractions in rill fl ow from the same fi ne sandy loam were aff ected by such physical factors as slope and freezing, and such management factors as ground cover and compaction. Th eir fi ndings indicated that a 7% slope yielded 120 to 150% more mass than a 3.5% slope. Uncompacted surfaces yielded 15 to 40% more mass than compacted surfaces. Ground cover interacted with slope, temperature treatment, and compaction to nullify erosive eff ects on bare soil. Edwards et al. (1995) tested a fi ne sandy loam soil under various conditions of freezing, mulching, surface compaction, and slope. For hydraulic tests with unfrozen soil, there was a decreasing trend in sediment yield at the end of a 20-min test. For soils frozen at the initiation of fl ow, erosion increased and then declined with time in accord with the high initial shear strength of frozen soil and its decrease as the soil thawed. Mulching had the greatest eff ect on erosion control of all the treatments. Inasmuch as the freezing treatments were established by exposing saturated soil in a box insulated on the sides and bottom to cold ambient air temperatures, water movement to the freezing front would be expected; however, this was not mentioned in these studies.
In a fi eld study, Kok and McCool (1990) found a wide range and rapid change in surface shear resistance as soils thawed and drained. A Torvane shear device was more successful than fall cone or penetrometer in the fi eld. Readings ranged from 1.2 kPa during thaw to 14 kPa under dry conditions. Torvane readings were inversely related to soil water content in the surface 10 mm of soil; for unfrozen soil, the soil water content did not exceed 25% (w/w) but was as high as 58% under frozen conditions and as high as 44% while the soil was thawing.
Gatto (2000) studied the eff ects of soil FT cycling on rill geometry. An unvegetated rectangular rill was subjected to two FT cycles, each lasting several days, in a controlled laboratory setting. Th e soil was placed in a 2.4-m-long, 1.2-m-wide, and 0.6-m-deep test bin and then brought to a water content of 35% (v/v) (92% saturated). A rectangular trench, 20 cm wide and 10 cm deep, was dug in the soil to simulate a rill. Hydra probes (Stevens Water Monitoring Systems, Portland, OR) monitored the volumetric soil water content during FT cycling by measuring the soil complex dielectric. As temperature dropped during freezing, the surface soil dried as it lost water to the air space below the freezing panels. Th at additional moisture in the air froze to the bottom of the panel as thin needle ice. None of the water drawn from the soil during freezing escaped into the air in the building because the contact between the panels and the top of the bin was sealed and insulated. Th e FT cycling increased the water content and reduced the cohesion in the surface soil along the rill suffi ciently to induce soil slumps and mud fl ows along the sidewalls of the rill. Th ese mass failures changed the rill shape from rectangular to triangular, which reduced the hydraulic radius of the rill by 32%. Gatto (2000) indicated that the water content of a newly thawed soil can oft en be temporarily higher than it was before the soil froze because of the additional water drawn into the soil during freezing. Th e strength of a soil that has been frozen with ice in its voids or in segregated ice lenses is oft en at an annual low aft er that soil thaws because of the excess soil water and reduced particle interlocking and friction. Th e weakened condition is only temporary because the soil recovers strength as friction and interlocking are reestablished as the soil drains and consolidates. Ferrick and Gatto (2005) tested the hypothesis that soil FT processes increase the potential for upland hillslope erosion during runoff events following thaw. Th ey completed three series of six experiments each, using a highly frost-susceptible silt to quantify the diff erences in soil erosion and rill development in a bare soil following a single FT cycle. Each series represented a specifi c soil moisture range: 16 to 18, 27 to 30, and 37 to 40% (v/v), with nominal fl ow rates of 0.4, 1.2, and 2.4 L min −1 and slopes of 8 and 15°. Th e tests were terminated when a deep rill developed across the entire length of the channel that reduced the overall bed slope relative to the original applied slope; some tests were terminated before this condition occurred. Each experiment used two identical soil bins: one a control (C) that remained unfrozen, and another (FT) that was frozen and thawed once before hydraulic testing. Soils were tested in bins 79 cm long, 37 cm wide, and 13 cm deep with a wide V-shaped weir fi xed at the outlet. Th e soil moisture content was adjusted and the bins were fi lled with a given weight of a silt soil by increments and compacted as the soil was added. An 8-cm-wide metal plate was tamped 1.5 cm into the soil surface to form an initial rectangular rill. Th e FT bin was encased in 50-mm-thick insulation board and a freeze plate placed on the surface to freeze the sample from the surface. Both FT and C bins were sealed to minimize changes in soil moisture as the FT cycle progressed. Th e FT bin was frozen once and then thawed. Th e freezing temperature was −35°C and thawing was 25°C. Th e FT bins were completely thawed before hydraulic testing. For all tests, there was a generally decreasing rate of erosion with time. Several parameters, including the average maximum rill width, the average maximum rill depth, the rill cross-section depth, and the sediment load, followed similar trends. Each was greater in the FT than in the C treatment, with values that generally increased with slope and fl ow; however, soil moisture was the only parameter that aff ected the FT/C ratio. Th e average sediment load grouped by soil moisture provided FT/C ratios of 2.4, 3.0, and 5.0 for low, mid, and high moisture, respectively. Th e sediment load for a "dry" experiment at 4.4% soil moisture had an FT/C ratio of 1.02. Th ese results show a dramatic increase with soil moisture in the rate and quantity of bare soil eroded due to the FT cycle. Both FT and C results were highly sensitive to initial conditions; minimizing diff erences in soil weight, bulk density, and soil moisture through each series of experiments was required to achieve consistent results.
Th e primary objective of a study by Kvaernø and Øygarden (2006) was to quantify the eff ect of variable FT cycles and soil moisture conditions on the aggregate stability of three soils (a silt, a structured clay loam-clay A, and a leveled silty clay loam-clay B), which were representative of two erosion-prone areas in southeastern Norway. A second purpose was to compare aggregate stabilities measured by the Norwegian standard procedure (a rainfall simulator) and the more widely used wetsieving procedure. Th e surface soil was sampled in autumn. Fieldmoist soil was sieved into the 1-to 4-mm fraction and packed into cylinders. Th e water content of the soil was adjusted, corresponding to soil water tensions of 0.75, 2, and 10 kPa (76.5-, 204-, and 1020-mm tension, respectively). Th e soil cores were insulated and covered, and subjected to no, one, three, or six FT cycles: freezing at −15°C for 24 h and thawing at 9°C for 48 h. Aggregate stability was measured in a rainfall simulator (all soils) and a wet-sieving apparatus (the silt and clay B). Th e rainfall stability of the silt was found to be signifi cantly lower than that of clay A or clay B. Clay A and clay B had similar rainfall stabilities. Freezing and thawing decreased the rainfall stability of all soils, but the eff ect was most severe on the silt soil. Th ere was no evident eff ect of water content on the stability, probably due to experimental limitations. Th e same eff ects were observed for the wet-sieved soil, but the wet sieving resulted in less aggregate breakdown than the rainfall simulator. Rainfall impact seemed to be more detrimental than wet sieving on more unstable soil, that is, the silt soil and soil subjected to many FT cycles.
Limited understanding of the incidence of frozen and thawing soils, and of the resistance to detachment of these soils as they thaw, severely hampers our ability to predict and prevent this type of erosion. Th is inability makes selection of conservation practices diffi cult and complicates the proper allocation of fi nancial and technical resources by the USDA for soil conservation. Th us, it is important that basic hydraulic and pedologic principles and relationships governing the erosion of frozen and thawing soils be established to improve the accuracy of erosion prediction models. Th e objective of this study was to determine the values of erodibility, critical shear, and fi tting coeffi cients for detachment equations for rill erosion of soil previously frozen and thawed under controlled conditions typical of the NWRR.
THEORETICAL DEVELOPMENT
Partially thawed and thawed but unconsolidated soil is highly susceptible to rill erosion from low-intensity rainfall and runoff . Damage from rill erosion, the most easily identifi ed and predominant form of erosion in the unirrigated areas of the NWRR, is greatest where ground cover is minimal and surface residue is low. Flow in rills, generally narrow and irregular, causes shear stress concentration on the rill bottom, which tends to deepen the rills and initiate headcutting (Foster, 1982) . Once headcutting begins, rills deepen until they reach a more resistant layer, which may be a frozen layer, a tillage pan, or a change in the soil type or soil properties. When the more resistant layer is encountered, the rills enlarge by widening on the bottom, with undercutting and sloughing on the sides (Foster, 1982) .
Shear stress, τ, the force that develops in the direction of fl ow on the bed of the rill or channel, is a frequently used measure of the erosivity of fl ow. Shear stress is defi ned as (Foster, 1982 )
where τ is the fl ow shear stress (N m −2 ), γ is the specifi c weight of the fl uid (N m −3 ), R is the hydraulic radius (m), and S is the slope of the channel (m m −1 ). It is assumed that a minimum shear stress, τ CR , in force per unit area of wetted perimeter, must be applied to the bed of a channel to initiate particle detachment. At low fl ow, when τ CR is not obtained, no erosion will occur, but as fl ow increases and the critical shear stress is exceeded, particle detachment becomes apparent. By defi nition then, when τ < τ CR , detachment must equal zero; therefore, on a plot of detachment capacity vs. shear stress, critical shear stress is the positive value where the plotted or fi tted line intercepts the shear stress axis.
In reality, critical shear stress is an apparent, rather than a fi xed, absolute value. Even at very small discharge values, there is some particle movement because of the stochastic nature of the erosion process. Th e critical shear concept is useful, however, in many applied process-based models such as the Water Erosion Prediction Project (WEPP) (Foster and Lane, 1987) .
In considering rill detachment at capacity rates for overland fl ow, mass per unit surface area per unit time, Foster (1982) suggested the following equation: [2] where D RC is the rill erosion detachment capacity rate (g m −2 min −1 ), τ is the fl ow shear stress (N m −2 ), τ CR is the critical shear stress at which erosion begins in a channel (N m −2 ), α is a fi tted coeffi cient, and β is a fi tted exponent.
Specifi c values of α, β, τ, and τ CR can be determined using data collected from rills formed as a result of specifi ed values of discharge.
Th e value of the fi tted exponent β, for most conditions, has been found to range from approximately 1.0 to 1.5, although values outside this range can be found in the literature. Th e near-unity value of β accompanies the determination and use of a critical shear stress, τ CR , greater than zero. For conditions where the apparent critical shear stress is greater than zero, but the value is not determined and subtracted from the applied shear, a β value of 1.5 is closely associated with research data (Foster, 1982) . Th e 1.5 value of β is oft en favored because it simplifi es mathematical solutions when using the Darcy-Weisbach fl ow equation. Th e coeffi cient α in Eq. [2] is frequently referred to as the soil erodibility factor for rill erosion, K r .
Values of K r and τ CR are needed to apply process-based models. For example, in the WEPP (Foster and Lane, 1987) model, Eq.
[2] uses a β value of 1.0. In a fi eld study of U.S. benchmark soils, the USDA-ARS determined K r and τ CR values using a large rotating boom rainfall simulator and water supply system to apply rainfall and fl ow to preformed channels. One site was on a Palouse silt loam soil (a fi ne-silty, mixed, superactive, mesic Pachic Ultic Haploxeroll) within 2 km of the source of the Palouse silt loam soil used for this study. Th e rainfall simulations were conducted in midsummer with high rates of water application. A K r value of 372 g N −1 min −1 and τ CR value of 1.10 N m −2 were determined for the Palouse silt loam (Elliot et al., 1989) .
EXPERIMENTAL DESIGN
In the Palouse, it was impractical to rely on natural environmental conditions to freeze and thaw the soil in a timely manner while controlling the soil moisture conditions. Th erefore, the most feasible approach was to construct a laboratory apparatus that would allow the artifi cial freezing of a soil mass under near-natural conditions with controlled soil moisture tension. Th e soil was thawed from the surface and subjected to the shear forces of fl owing water. Measurements were taken of hydraulic parameters to determine the shear stress and resulting soil losses. Complete details can be found in Van Klaveren (1987) and Van Klaveren and McCool (1993) .
A tilting fl ume was designed in which a soil mass could be frozen and thawed under controlled soil moisture tension, and surface water RC CR D τ τ could be applied to study rill erosion ( Fig. 1 and 2 ) (Van Klaveren, 1987; Van Klaveren and McCool, 1993 ). An approach section 2.44 m long conveyed the fl ow to a test bed 2.73 m long, 0.457 m wide, and 0.786 m deep, with a movable outlet gate that was lowered to adjust to the rill bottom as the rill evolved. Th e approach, outlet gate, and soil surface in the test bed of the fl ume were formed to a slight V with side slopes of 1:4.5 to ensure that a rill developed near the fl ume center and away from the sidewalls. Th e fl ume slope was hydraulically adjustable from 0 to 40%, but for these tests was set to 6.75%, a slope calculated to ensure turbulent fl ow in the rill. Approximately 50 mm of gravel provided a transition between the approach and the test bed. Th e soil test bed was divided into three equal sections to minimize lateral water movement caused by tilting the fl ume during the test procedure. Th e dividers were extended from the bottom of the test bed to a height of 700 mm, slightly below the expected maximum rill depth. Th e bottom and sides of the test bed were insulated with a 100-mm thickness of extruded foam insulation.
Soil temperature profi les were monitored during the freezing and thawing of the soil sample with 13 thermocouples placed at 50-mm intervals from the bottom of the soil box to the surface of the soil. Th e uppermost thermocouple was located 5 mm from the soil surface. Resistance readings from six gypsum blocks (McCool and Molnau, 1984) placed at 30-mm intervals from the surface and staggered longitudinally, located about 120 mm from the soil box side, were used to ensure that the upper 120 mm of soil was completely frozen. Validyne 0-to 760-mm water pressure transducers (Validyne Engineering Corp., Northridge, CA) connected to porous cups were located near each end of the soil box at a depth of 460 mm and were used to monitor the soil pressure during freezing and thawing, to monitor the pressure during saturation cycles, and to ensure that thaw was complete. Th ese transducers also monitored whether the matric potential was stable during the fl ow test. A Campbell 21X datalogger (Campbell Scientifi c, Logan, UT) was used for data storage and sensor monitoring. Th ree manual point gauges were located at the center of each section of the soil box along the channel (Fig. 2) to provide data on the water surface elevation and width during each test, as well as data on the initial and fi nal channel cross-sections.
A constant-head tank maintained the appropriate tension used in consolidating the soil and establishing the test conditions. A constant head in the tank was maintained by a fl oat valve on the supply line. Valves on each of the three access tubes eliminated water fl ow to or from the tank during fl ow tests.
An ice cell was used to cool the water for the test fl ows. Th e ice cell, a latent-heat ice storage system, was designed to handle high-demand loads for a relatively short duration and could maintain 1°C for 90 min with a maximum continuous fl ow of 4 L min −1 .
Th e well water used for the experiments was analyzed to verify that its properties would not cause aggregate dispersion or cohesion of soil particles. Th ere were no detectable amounts of NO 2 , NO 3 , or K, and the level of Na was 1.24 mmol c L −1 , Ca was 1.08 mmol c L −1 , and Mg was 0.95 mmol c L −1 . Th e Na adsorption ratio was 1.23. Th is analysis indicated low dispersion eff ects for the Palouse silt loam soil (Bohn et al., 1979) . Th e results of a later test of electrical conductivity for the well water gave a value of 0.283 dS m −1 , which further indicated low dispersion potential (Richards, 1954) .
Th e freezing apparatus consisted of a freeze plate through which a cooled antifreeze solution was circulated. Th e freeze plate, designed to fi t inside the soil box with 4-to 5-mm tolerance, allowed the sensor wiring to be placed between the soil box and the freeze plate. It was constructed with a V shape identical to the approach, test, and outlet gate of the fl ume. Six 19.0-mm-o.d. Cu tubes, evenly spaced, were placed on the bottom and ran the full length of the freeze plate. Th e plate was covered with 1.3-mm (16-gauge) Al and fi lled with poured extruded foam insulation.
Th e freeze plate, designed to fi t down into the soil box, rested on the approach section of the fl ume and was supported above the soil at the outlet. Th is allowed 10 to 20 mm of air space between the soil surface and the freeze plate at the beginning of freezing, which simulated a natural radiative freeze for much of the freezing period.
EXPERIMENTAL PROCEDURE
A Palouse silt loam was tested to provide rill erodibility and critical shear stress values typical of soils and conditions in unirrigated wheat-producing areas of the NWRR. Th e topsoil sample used in the tests was obtained from the Palouse Conservation Field Station located 3 km northwest of Pullman, WA, in an area that had been in continuous fallow for 8 yr. Th e upper 200 to 300 mm of the surface soil was sieved through a 6.34-mm sieve before storing in the laboratory. Th e particle size distribution (Day, 1965) of this soil was 74 g kg −1 sand, 652 g kg −1 silt, and 249 g kg −1 clay. Th e organic matter content of 25 g kg −1 was determined by standard laboratory method (Davis, 1974) .
Th e dry soil was placed in the fl ume test bed, the surface shaped to a shallow V, and three saturation cycles were applied to consolidate the soil to duplicate near-natural conditions (Van Klaveren and McCool, 1993) . Th e soil was saturated by raising the constant-head tank to 5 mm above the soil surface at the bottom of the V and allowing water to pond on the surface. A tension of 600 mm of water was then applied to the surface soil by lowering the constant-head tank. Aft er three saturation cycles, the constant-head tank was set at the desired tension level based on the low point in the V in the soil. Minimal soil settlement occurred during the saturation cycles; therefore, no additional soil was needed to raise or smooth the surface. Th e freeze plate was installed above the soil and circulation of the chilled antifreeze commenced. Th e freeze plate operated at temperatures between −12 and −22°C. Th e soil froze to a depth of 120 mm in 7 to 14 d, depending on the external environmental and laboratory temperatures. Aft er the freeze reached the 120-mm depth, the freezing unit was turned off , although the circulation of the antifreeze was maintained at room temperature until the freeze plate could be detached from the ice on the frozen soil block, which generally heaved to lift the freeze plate during the freezing process. Th e freeze plate was removed in 15 to 30 min. Th e constant-head tank was reset at the predetermined tension as measured from the maximum soil heave. Th e soil was allowed to thaw naturally in the laboratory, maintained at 4°C or above, without artifi cial conductive or radiative soil heating. Th e soil completely thawed in 5 to 14 d, depending on the depth of frost and the laboratory temperature during the thawing process. As the soil thawed and consolidated, the constant-head tank was lowered to maintain the appropriate tension.
Aft er the soil had completely thawed and the pressure transducers in the soil box stabilized, the hydraulic or fl ow test was conducted. Immediately before each fl ow test, the access tube valve for each section of the soil test bed was closed, which fi xed the tension level at the start of the test. Th e fl ume slope was set at 6.75% and the predetermined fl ow rate was immediately set on the approach section of the fl ume. Th e fl ow was allowed to stabilize for 30 s before the fi rst point gauge readings at each station and sediment concentration samples were taken. Th e initial test conditions of nine treatments consisted of three fl ow rates (approximately 2, 3, and 4 L min −1 ) and three soil water tensions (50, 150, and 450 mm of water). An additional low fl ow rate of approximately 1 L min −1 was used to improve the estimate of critical shear stress for the lower two tensions (Table 1) .
Point gauge readings of water surface and top width were taken at 3-min intervals for the fi rst 15 min, then at 5-min intervals for the remainder of the 90-min test. Sediment samples were taken at the fl ume outlet every 30 s for the fi rst 5 min, every minute for the next 10 min, and fi nally, every 5 min for the duration of the fl ow. To avoid fl ow disturbance, channel bottom elevation readings could not be taken during the tests. Th e fl ow was stopped at the fl ume inlet box 90 min aft er the test began. Aft er the rill had drained, cross-sections were taken at each point gauge location to determine the hydraulic parameters and rill shape, and the fi nal sediment concentration samples were taken from the total catch tank.
Surface bulk densities were determined on fi ve of the 14 fl ume experiments aft er the tests were completed. D.K. McCool, in a study of overwinter rill erosion in southeastern Washington and northern Idaho, collected aft er-winter fi eld bulk density data from the surface 50 mm of seeded winter wheat fi elds from 1973 through 1980. Th e mean fl ume bulk density, 1.24 Mg m −3 , was only slightly lower than in the fi eld, 1.28 Mg m −3 , indicating that soil consolidation under moisture tension in the fl ume approximated fi eld conditions (unpublished data, 1987) . Swedish fall cone (Bradford and Grossman, 1982) readings were taken to index the soil strength aft er freezing and thawing at a minimum of 12 locations in the soil box.
Upon completion of each test procedure, the upper 200 mm of soil was removed and replaced with soil from the storage container. Th e soil was sieved to match the V sideslopes of the fl ume. Th e instrumentation was replaced and the saturation cycles initiated by raising the constant-head tank to 50 mm above the soil surface and opening the access tube valves. Saturation was allowed to continue until water ponded on the soil surface. Th ree saturation cycles were applied and the tension level was set as described above for the experimental procedure.
Following the thawed soil testing, a brief test of a nonfrozen soil was conducted with three discharge rates at 50-mm moisture tension. Th e procedures were identical to those in the main experiment except that the soil was not frozen. Th e experiment was conducted with a Palouse silt loam collected from an area adjacent to the plot that provided soil for the main thawed soil study (Moens and Wessels, unpublished data, 1988) .
ANALYTICAL PROCEDURES AND DATA ANALYSIS
Shear stress calculations required representative hydraulic parameters of the rill channel during the erosion process. Rill cross-section measurements, taken at three locations along the soil test section aft er the completion of each test, exhibited a variety of cross-section confi gurations, as can be seen in Fig. 3 to 5 from the second of the three point gauge locations. For analysis, a parabolic channel cross-section was assumed (Dr. G.R. Foster, personal communication, 1987) . From the top width and water surface elevation data collected during the test, and the assumption of a consistent parabolic channel shape throughout the test, water depths, fl ow area, and wetted perimeters were calculated for each interval between point gauges using Manning's open-channel hydraulic formula.
Th e Manning equation was selected to estimate the rill hydraulic parameters. Th is required the basic assumption of steady uniform fl ow. Because the fl ow was constant for the duration of each laboratory experiment, and the cross-sectional areas, although not the confi gurations, were similar along the channel, the steady-fl ow requirement was met. Even though the rill channel bottom profi le was not uniform, uniform fl ow between the three point-gauge stations was assumed because of known energy grade lines between the point gauges and the similar channel cross-sectional areas throughout the test section.
Substituting the standard equation for the hydraulic radius of parabolic channels (Chow, 1959) into the Manning equation, the parabolic channel equation in SI units becomes [3] where T is the top width of the water surface (m), d is the depth of fl ow in the channel (m), Q is the fl ow rate (m 3 s −1 ), n is the Manning coeffi cient for channel roughness, and S is the slope of the energy grade line (m m −1 ). Equation [3] can be rewritten as [4] Th e Manning coeffi cient n was calculated from the endof-test energy gradient from several tests (Table 2 ) and the measured rill cross-sections aft er each test. Th e three pointgauge stations provided three reaches: Reach 1 between the fi rst and second stations, Reach 2 between the second and third stations, and Reach 3 between the fi rst and third stations of the total fl ume. A mean n value of 0.033 was determined for the evaluation of the hydraulic parameters. Th e 95% confi dence interval of the mean value of n lies between 0.025 and 0.040, with a standard deviation of 0.013 using the t-test and 14 values for Reaches 1 and 2.
An alternative procedure was used to check the calculated Manning n coeffi cient. Th ose tests with reaches with uniform and regular cross-sections and bottom slopes approximated the criteria for uniform steady fl ow, and the water surface profi le was assumed to parallel the channel profi le. Th e area and hydraulic radius for these tests were determined using the point-gauge cross-sections. Th e average Manning n coeffi cient was determined to be 0.0358 (Table 2) , which compares well with the 0.0330 determined from the overall energy gradients (Van Klaveren, 1987) .
Th e tests were run for 90 min. To understand how critical shear varies with time at a given tension, it was necessary to use a numeric procedure to solve Eq. [3] for the depth of fl ow at each point gauge at a specifi c time, given the discharge, top width, Manning n, and channel slope. Th e wetted perimeter, area, and hydraulic radius were then calculated for each point-gauge location at the specifi c time using standard equations for parabolic channel sections to calculate the fl ow shear stress in Eq. [1]. Times of 10, 20, 30, 45, 60, and 90 min were selected for calculation; for the 10-min reading, a time-weighted mean hydraulic radius was used in Eq. [1] . Th e slope was assumed to be the slope of the soil test section and the specifi c weight of water at 0°C is 9806 N m −3 .
Detachment was determined using the combination of runoff sediment samples and estimated rill hydraulic characteristics. Th e sediment was dried and weighed. Th e cumulative mean sediment concentration (in g L −1 ) was determined by integrating the sediment discharge curve between zero time and the desired time. A detachment value (in g min −1 m −2 ) was determined for each selected time by dividing the cumulative erosion up until that time (in g min −1 ) by the mean wetted surface area calculated for that time (in m 2 ). Th e data for the tests are given in Table 3 . Th ese data include the water tension, test fl ow discharge, mean detachment at 10, 20, 30, 45, 60 , and 90 min, and the calculated mean shear stress at each time. Th e fi nal step in the analysis was to determine the value of the exponent β in Eq. [2] . An approach of assuming that τ CR was negligible and calculating the value of β was tried and rejected. A value of 1.0 was assumed and the data in Table  3 were fi tted to provide values of τ CR and K r at each selected time at each tension and discharge. Th e values of K r , τ CR , and the coeffi cient of determination are presented in Table 4 . Th e fi tted lines of detachment vs. shear stress for the 50-mm tension tests are plotted in Fig. 6 . Th e K r vs. time data are plotted in Fig. 7 .
RESULTS AND DISCUSSION
Th is study determined the values of τ CR and K r for a soil that had been frozen and thawed under soil moisture tensions of 50, 150, and 450 mm, assuming a value of 1.0 for the exponent β in the rill detachment Eq. [2] . Th e time-average K r values for the 50-and 150-mm tension tests decreased with time and stabilized as the rill developed. Th e time-average K r values for the 450-mm tension increased slightly and reached a relatively stable value after 20 min. Th ese erodibility trends refl ect soil stabilization as the rills deepen under the lower moisture tension conditions and a more stable initial condition under the highest moisture tension. Th e τ CR values in Table 4 ranged from 1.21 to 1.69 N m −2 at 50-mm tension, from 0.80 to 1.37 N m −2 at 150-mm tension, and from 1.88 to 2.42 N m −2 at 450-mm tension. Th e lower τ CR values for the 150-mm moisture tension tests compared with the 50-mm tension tests were not expected, as it was anticipated that at lower tension the soil would have less resistance to rill initiation.
Data from a separate study with nonfrozen soil are presented in Table 5 . Th e fi tted K r and τ CR values based on β = 1.0 are presented in Table 6 . Th e τ CR value is between 2.66 and 2.81 N m −2 , much higher than the τ CR values for the thawed soil at 50-mm tension and slightly higher than those at 450-mm tension ( Table 4 ), indicating that the nonfrozen soil had greater resistance to detachment. Early in the test fl ows, the K r values for nonfrozen soil at 50-mm tension were smaller than those for the thawed soil at the same tension and same time. As with the thawed soil, K r values decreased during the course of the tests as the rills deepened and the detachment rate stabilized, and at the end of the 90-min tests, the values of K r were similar to those for the thawed soil at 50-mm tension.
Th e thawed soil at 450-mm tension most closely approximated the physical conditions of the WEPP tests (Elliot et al., 1989) . At the end of our tests, the time-average K r value was 261 g N −1 min −1 and the τ CR value was 2.42 N m −2 , whereas the WEPP K r value was 372 g N −1 min −1 and τ CR value was 1.10 N m −2 . Summer tests of a Palouse silt loam in a small, preformed channel by Van Liew and Saxton (1983) determined a K r value of 113 g N −1 min −1 in a power function with an exponent of 0.95. Apparently, they assumed that τ CR was approximately zero. Frame et al. (1992) fl ow tested a frozen soil that had been frozen and thawed four times before testing and found a 24% increase in erosion compared with nonfrozen soils. Soils frozen at the time of testing were resistant to erosion until the start of thaw. Th e soils were saturated when frozen from the surface. Flow tests for both treatments were of 20-min duration.
Ferrick and Gatto (2005) fl ow tested the eff ect of one FT cycle on erosion. Th ey froze soils radiatively from the surface at three moisture contents. Unfrozen control plots (C) were used. Erosion decreased with time under the test. Only soil moisture aff ected the FT/C erosion ratios, which were 2.4, 3.0, and 5.0 for low, mid, and high moisture. Flow tests were continued until a deep rill developed that changed the channel slope steepness relative to the original.
Moisture tension had some eff ect on τ CR during our thawed soil tests, but the major eff ect was on K r . Th ere were diff erences in the K r values among moisture tensions early in the tests. Th e mean K r value at 10 min at 50-mm tension was 1518 g N −1 min −1 , about 1.6 times that at 150-mm tension, and approximately 14 times that at 450-mm tension, although that data point does not follow the trend of the remainder of the data; the K r value at 20 min may off er a more appropriate comparison. Th e ratios of K r values are approximately 2.1:1 and 5.8:1 for the 50/150-and 50/450-mm tension values. Toward the end of the tests, these ratios were about 1.4:1 for the 50/150-mm and 2.6:1 for the 50/450-mm tension values. Frost action loosens the surface soil. Aft er thaw, the soil consolidates due to the applied soil water tension and overburden weight (Formanek et al., 1984) . Th us, erosion resistance increased with depth.
Th e importance and impact of soil moisture tension on the transient nature of soil erodibility is readily obvious in certain fi eld studies. Th e data and observations reported by Kok and McCool (1990) indicated a wide range in shear resistance as soils thawed and drained. Major changes in shear resistance occurred during the period of a few hours. During one 24-h period, a justthawed soil exhibited the following vane-shear readings: 4.4 kPa at 1000 h, 10 kPa at 1600 h, and 14 kPa at 1000 h the following morning. In another instance, soil thaw followed by drainage and drying created the following surface moisture content in the top 20 mm: 43% and frozen at 0800 h, 29% at 1200 h, and 26% at 1700 h. Th e changes in rill erodibility observed in this thawed soil fl ume experiment are expected to occur in the fi eld within the time span of only a few hours if an impermeable frost layer thaws and matric potential is established.
Th ese experiments stress the magnitude of the range and transient nature of the eff ect of FT on soil erodibility. Freezing increases the water content in the surface layer provided that water deeper in the soil is available and at low tension. Frozen soil is quite resistant to erosion until the surface thaw begins. As thaw progresses, the soil at the surface is weakened. Only when the frost layer thaws and water can drain to drier layers deeper in the soil does the moisture tension increase and the surface soil consolidate.
Most experiments discussed here illustrate some aspect of this behavior. Changes in erodibility can be rapid as frozen soil thaws from the surface, frost layers diminish, and areas of permeability appear. Some areas of the world can complete 80 to 100 FT cycles in a winter, which compounds the erosion problem. It is critical that these transient phenomena be mirrored if models are to reproduce the eff ects important to soil erodibility in cold climates and more accurately predict soil erosion.
CONCLUSIONS
Critical shear stress for a thawed soil was evident from these data; the value varied little as rills deepened with time. Calculated rill erodibilities from thawed soil, compared with those from nonfrozen soil tests prepared in the same manner, were higher at start of the fl ow tests, but converged to similar values in the latter stages of the tests. Calculated critical shear stress values were higher for nonfrozen soil than for thawed soil prepared in a similar manner.
Th e calculated rill erodibility was inversely correlated with soil moisture tension; erodibility changes as rills deepen or as soils thaw and drain. Accounting for the transient nature of rill erodibility will improve the accuracy of continuous simulation models using shear stress and erodibility relationships.
Th ese tests indicated relatively larger changes in erodibility than in critical shear stress when a silt loam soil was frozen, thawed, and fl ow tested at soil moisture tensions of 150 mm or less. Based on this research and investigations completed by others, for successful use in areas infl uenced by cold weather hydrology, erosion models must have a winter component that includes the transient eff ects of FT. 
